The variation of band bending as a function of composition at oxidized ͑0001͒ surfaces of Mg-doped In x Ga 1−x N is investigated using x-ray photoelectron spectroscopy. Distinctly different trends in barrier height are seen for the Mg-doped compared to undoped alloys, which is explained in terms of Fermi-level pinning at the surface and virtual gap states. Solutions of Poisson's equation within the modified Thomas-Fermi approximation are used to model the band bending and corresponding variation of carrier concentration with depth below the surface. A transition from a surface inversion layer for In-rich alloys to a surface hole depletion layer for Ga-rich alloys occurs at x Ϸ 0.49. The trend in barrier height, calculated space-charge profiles, and difference of barrier height for undoped and Mg-doped InN indicate that Mg doping induces bulk p-type conductivity across the entire composition range.
I. INTRODUCTION
InN and related alloys have received considerable research interest in recent years, 1,2 largely due to their potential use in device applications. The revision of the band gap to the now almost universally accepted value of approximately 0.7 eV ͑Refs. 3 and 4͒ introduced the possibility to use the InGaN ternary system in optoelectronic components spanning virtually the entire solar range. It has also been shown 5 that ͑especially In-rich͒ InGaN alloys show a higher degree of resistance to radiation damage than photovoltaic materials in common use today, suggesting their potential for use in solar cells for space applications. The surface electronic properties of the material are of crucial importance for device applications, and the transition from extreme electron accumulation ͑downward band bending͒ at the surface of n-type InN ͑Ref. 6͒ to electron depletion ͑upward band bending͒ at the surface of n-type GaN ͑Ref. 7͒ has been reported previously. 8 Due to the low ⌫-point conduction-band minimum ͑CBM͒ with respect to the branch-point energy ͑or charge-neutrality level͒ in In-rich InGaN, p-type doping of these materials has proved extremely difficult, with success only reported recently. 9 Furthermore, an inversion layer is expected to form at p-type InN surfaces, 10 resulting in a layer of electrons close to the surface; consequently, measurements to demonstrate that the Mg dopants act to induce p-type bulk conductivity can only be achieved indirectly 9 or through methods involving complicated fitting procedures, such as quantitative mobility spectrum analysis of variable magnetic field Hall-effect data. 11 Due to these difficulties, the surface space-charge region of p-type InN and In-rich InGaN has not been well characterized. In contrast to InN, a hole depletion layer is reported for p-type GaN, 7 and the transition between these two regimes warrants further investigation.
Here, we report the variation of the surface band bending as a function of composition for Mg-doped In x Ga 1−x N alloys as determined by high-resolution x-ray photoelectron spectroscopy ͑XPS͒ measurements of the valence band to surface Fermi-level separation. A transition from a surface inversion layer for In-rich alloys to a surface hole depletion layer for Ga-rich alloys is shown to occur at x Ϸ 0.49. This is discussed in terms of Fermi-level pinning at the surface and the existence of virtual gap states. The results are presented as evidence for p-type bulk conductivity across the entire composition range.
II. EXPERIMENTAL DETAILS
The Mg-doped InGaN samples were all grown on c-plane sapphire substrates by plasma assisted molecular-beam epitaxy using either a 200 nm thick AlN or GaN buffer layer. Details of the growth are reported elsewhere. 12 The InGaN layer thicknesses ranged from 200 to 1000 nm and growth temperatures from 530 to 740°C measured by a thermocouple situated close to the sample, which therefore slightly overestimates the actual growth temperature. The In/ Ga ratio was determined by x-ray diffraction. The Mg cell temperature was approximately 350°C for all sample growths.
The XPS measurements were performed using a Scienta ESCA300 spectrometer at the National Centre for Electron Spectroscopy and Surface Analysis, Daresbury Laboratory, UK. X rays, of energy h = 1486.6 eV, were produced using a monochromated rotating anode Al K␣ x-ray source. The ejected photoelectrons were analyzed by a 300 mm mean radius spherical-sector electron energy analyzer with 0.8 mm slits at a pass energy of 150 eV. The effective instrumental resolution is 0.45 eV, derived from the Gaussian convolution of the analyzer broadening and the natural linewidth of the x-ray source ͑0.27 eV͒. The binding energy scale is given with respect to the Fermi level and was calibrated using the Fermi edge of an ion-bombarded silver reference sample that is regularly used to calibrate the spectrometer. The position of the valence-band maximum ͑VBM͒ with respect to the Fermi level is determined by extrapolating a linear fit to the leading edge of the valence-band photoemission to the background level in order to take account of the finite resolution of the spectrometer. 8, 13 Measurements are presented for as-loaded ͑oxidized͒ samples due to the difficulty in cleaning the samples without causing electronic damage. 14, 15 Investigation of the In 3d, Ga 2p, N 1s, C 1s, and O 1s core-level peaks from XPS indicated a III-O oxide component but no significant N-O bonding. Additionally, adventitious hydrocarbons were identified on the surface.
III. RESULTS
The valence-band XPS spectra for the Mg-doped In x Ga 1−x N samples, with respect to the Fermi level E F , are shown in Fig. 1 . In general, the VBM to Fermi-level separation ͑͒ can be seen to increase with increasing In content from = 0.72± 0.10 eV for In 0.15 Ga 0.85 N ͑the most Ga-rich sample measured͒ to = 1.12± 0.10 eV for InN. Incorporating the change in band gap as a function of composition, described by a bowing parameter of 1.4 eV, 16 allows a barrier height ⌽ B ͑the CBM to Fermi-level separation, analogous to the Schottky barrier height of a semiconductor-metal junction͒ to be calculated. This is shown, with the equivalent values for undoped InGaN samples, 8 in Fig. 2 . The measured values of the VBM to Fermi-level separation, the band-gap values used, and the resulting barrier heights for the Mgdoped In x Ga 1−x N samples are additionally tabulated in Table  I .
The Mg-doped alloys exhibit higher values of ⌽ B compared to the undoped alloys across the composition range, with the largest differences for Ga-rich alloys. Second-order least-squares polynomial fits to the measured data are also shown. In x Ga 1−x N samples are known both experimentally 17, 18 and theoretically 19 to exhibit phase separation at x ϳ 0.5. Although the samples were grown under conditions to minimize phase separation, 20 the sample quality is still expected to be lower for the 46% In composition than the other more In-rich or Ga-rich samples measured. The barrier height as a function of composition for the Mg-doped alloys is therefore estimated as ⌽ B = 2.68− 3.73x + 0.53x 2 and ⌽ B = 2.73− 4.43x + 1.24x 2 including and excluding the x = 0.46 sample, respectively. Better agreement with the measured In-rich and Ga-rich samples is achieved when the x = 0.46 sample is neglected.
IV. ANALYSIS
These relations can be used to determine the surface Fermi level as a function of composition referenced to the universal branch-point energy shown in Fig. 3 . If the Mgdoped samples are p-type in the bulk such that the bulk Fermi level lies close to the VBM, the Fermi level at the surface ͑which is well into the band gap or even above the CBM͒ is pinned above its bulk value across the composition range. This implies a downward bending of the CBM and VBM with respect to the Fermi level at the surface across the composition range resulting in a space-charge region, although the exact degree of band bending, and hence type of space-charge region, is dependent on the relative positions of the surface and bulk Fermi levels of a specific sample. It is informative to consider specific examples of the band bending and carrier-concentration profiles. The spatial dependence of the band bending in the space-charge region is described by a potential, V͑z͒, which must satisfy Poisson's equation
where b is the static dielectric constant, N D + ͑N A − ͒ is the bulk donor ͑acceptor͒ density, assumed constant throughout the sample, and n͑z͒ ͓p͑z͔͒ is the electron ͑hole͒ density. Equation ͑1͒ was solved numerically within the modified ThomasFermi approximation ͑MTFA͒ following the method described by Veal et al. 10 The MTFA correction has been shown 27 to yield profiles that are in good agreement with those obtained from full self-consistent Poisson-Schrödinger calculations. In our calculations, the nonparabolicity of the conduction band 28 is included via the ␣ approximation of the k · p interaction and the effects of the potential barrier at the surface are included by the MTFA correction. The InN and GaN parameters used in the simulations are summarized in Table II . The hole parameters of InN have not been well characterized; the theoretical results of Fritsch et al. 31 are therefore utilized in these simulations. The calculations are performed assuming a room-temperature value of 300 K, consistent with the experimental measurements. The variation of band gap with composition for the InGaN alloys is described by a bowing parameter of b = 1.4 eV. 16 Following the empirical relationship m e * ϳ 0.07E g , the variation of bandedge electron effective mass is assumed to be described by a bowing parameter b m = 0.07b. All other quantities are interpolated assuming linear variation with composition.
The resulting CBM, VBM, and carrier concentration profiles for In 0.15 Ga 0.85 N are shown in Fig. 4 . The bulk hole density of 8.2ϫ 10 17 cm −3 was determined by single-field Hall-effect measurements, and so does not account for variations in carrier concentration due to surface or interface effects; it should therefore be taken as an approximate value. This carrier concentration gives a bulk Fermi level approximately 133 meV above the VBM. In contrast, XPS measurements indicate that the surface Fermi level for this sample is pinned approximately 929 meV above the VBM, requiring a downward band bending of 796 meV at the surface, as indicated in Fig. 4͑a͒ . This downward band bending increases the separation between the valence band and the Fermi level close to the surface, resulting in the depletion of holes, as shown in Fig. 4͑b͒ .
As the In fraction, x, is increased, the surface Fermi level moves further up into the band gap ͑Fig. 3͒, resulting in further decrease in near-surface hole density. Once the surface Fermi level is above midgap, electrons accumulate at the surface. Therefore a n-type surface region ͑inversion layer͒ exists, which is separated from the p-type bulk region by a depletion layer. From Fig. 3 , this transition is estimated to occur at an alloy fraction of x = 0.49 when the effects of the mid-composition sample on the polynomial fit are neglected ͑due to the lower quality of this sample͒. Including this sample increases the value of the transition slightly to x = 0.56.
Poisson-MTFA calculations of the inversion layer formed at the surface of InN are shown in Fig. 5 . Due to this inversion layer, electrical properties of the bulk ͑such as hole concentration͒ are obscured by the surface n-type conductivity and cannot therefore be measured directly by methods such as single-field Hall effect. Recently, Jones et al. 9 used electrolyte-based capacitance-voltage ͑C-V͒ measurements to investigate the space-charge region of the same Mg-doped sample ͑GS1810͒ used in this work. A value of the ionized acceptor concentration of 2 ϫ 10 19 cm −3 estimated from their work is used here, which locates the bulk Fermi level approximately 60 meV above the VBM. If the surface Fermi level is assumed to be pinned at 1120 meV above the VBM ͑as determined by XPS͒, this results in a downward band bending of 1060 meV shown ͑solid lines͒ in Fig. 5͑a͒ , causing the Fermi level to lie well above the CBM at the surface; correspondingly, a surface layer of electrons ͑an inversion layer͒ is seen ͓Fig. 5͑b͔͒.
V. DISCUSSION
The space-charge profiles represented here are consistent with the theory of virtual gap states ͑ViGS͒, 26 whereby evanescent surface states with complex wave vectors ͑whose wavefunctions decay exponentially into the vacuum͒ can exist in the forbidden gap region. ViGS can be induced by, for example, adatoms on the surface or by dangling bonds specific to a given surface reconstruction. 26 These surface states derive from the bulk band structure, and so their character changes from predominantly donor character close to the valence band to predominantly acceptor character close to the The more severe band bending leads to a larger degree of electron accumulation in the inversion layer at the surface and a wider space-charge region. The inset displays a schematic representation of the underestimation of the VBM to surface Fermilevel separation by XPS measurements in the presence of downward band bending. The total XPS VB emission ͑bold solid line͒ is the sum of emission from photoelectrons ejected from the surface ͑thin solid line͒ and from photoelectrons ejected from below the surface ͑thin dashed lines͒, which have lower intensity ͑due to the exponential attenuation length of photoelectrons͒ and smaller VBM to Fermi-level separation than at the surface ͑due to the downward band bending͒. The total emission underestimates the VBM to Fermi-level separation compared to the emission from the surface. conduction band. The position where they have equal donorand acceptorlike character is the branch-point energy, E B . In addition, the states are highly localized, and so their character is determined from contributions from a large proportion of the Brillouin zone and not just the ⌫ point. Consequently, for InN, where the ⌫-point CBM is very low, 33 E B lies well above the CBM.
Across the composition range, as seen in Fig. 3 , the surface Fermi level lies below the branch-point energy for the Mg-doped alloys. Therefore, donor ViGS close to E B are unoccupied and hence positively charged. For the Ga-rich alloys, this leads to a reduction in the near-surface hole density and hence the depletion layers seen-the positively charged donor surface states are compensated by the background negatively charged acceptors in the hole depletion region. For the In-rich alloys, however, E B is above the CBM, allowing the ViGS to donate electrons directly into the conduction band, leading to the large accumulation of electrons seen in the inversion layer at the surface. In this analysis, the oxide at the surface has been neglected. In reality, charge transfer will occur between the semiconductor and the more electronegative oxide, influencing the exact pinning position of the Fermi level. The above conclusions, however, hold in general.
It should be noted that the band bending is both more extreme and occurs over a much shorter distance in InN than in In 0.15 Ga 0.85 N. This has significant consequences for the XPS measurements. The surface specificity of XPS arises due to the attenuation length of the photoelectrons within the solid, with the intensity of detected photoelectrons displaying an exponential decrease with the depth below the surface from which they originate, governed by the Beer-Lambert law. Approximately, 95% of the photoelectron flux can be taken to be generated within the first ϳ3 of the surface, where is the mean-free path of the photoelectrons, with the largest contribution occurring closest to the surface. However, when there is band bending, as seen here, photoelectrons generated at different depths are associated with different VBM to Fermi-level separations. Neglecting any effects due to surface reconstructions or oxide contamination, the valence-band density of states ͑VB-DOS͒ measured by XPS can be seen as the convolution of the bulk VB-DOS with a train of ͑exponentially reducing in intensity͒ deltalike functions representing the energy shift with depth of the emitted photoelectrons. In the presence of downward band bending, this acts to broaden the tail of the measured VB spectrum, and hence, the surface VBM to Fermi level separation is underestimated. This is represented schematically in the inset of Fig. 5͑b͒ .
From Fig. 3 and a consideration of the relative bulk Fermi levels for n-type ͑close to or above the CBM͒ and p-type ͑close to the VBM͒ InN, it can be seen that the band bending is more extreme for Mg-doped than for undoped InN, and so the underestimation of the VBM to Fermi-level separation by XPS will be more severe for the Mg-doped case. Considering this in relation to Fig. 3 suggests that, in reality, the surface Fermi level may be pinned at the same place in both the Mg-doped and undoped InN. In both cases, the bands bend downwards at the surface, requiring donor-type surface states to maintain charge neutrality. It has been shown by Smit et al. 34 that for the analogous case of InAs, where the branch-point energy is also located above the ⌫-point CBM, exposure to oxygen pins the Fermi level in the same place at the surface independent of the bulk doping. If the surface Fermi level in InN is therefore assumed to be pinned at 1.64 eV above the VBM, as measured by Mahboob et al. for n-type InN by high-resolution electron energy-loss spectroscopy, 6 the corresponding band bending and carrierconcentration profiles are shown ͑dashed lines͒ in Fig. 5 . The distance 3 ͑the approximate maximum escape depth beneath the surface͒ is, for the photoelectrons of interest, of the order of 100 Å. 35 This distance covers a sufficient depth ͑and hence a sufficient portion of the space-charge region and corresponding band bending͒ to qualitatively justify the XPS measured value of VBM to Fermi-level separation at the surface of ϳ1.1 eV if the actual value is ϳ1.6 eV. When the greater degree of downward band bending is considered, a wider space-charge region is formed with a greater degree of electron accumulation in the inversion layer at the surface, consistent with more ViGS able to donate their electrons into the conduction band. The C-V profile of Jones et al. 9 is very similar to the resulting calculated carrier profile, although it has a slightly higher surface electron density. This could be due to charge transfer associated with the relatively electropositive electrolyte in contact with the InN surface for the C-V profiling.
The difference in band bending for Mg-doped GaN and InN samples is summarized schematically in Fig. 6 . The InN clearly has a greater degree of, and more rapid, band bending than the GaN. It should be noted that the band bending is downward in both cases. When the Fermi level at the surface is above midgap, an inversion layer results. On the other hand, when the surface Fermi level is below midgap, hole depletion results.
The observed difference in VBM to Fermi-level separation measured by XPS for the undoped and Mg-doped samples indicates that the Mg doping has an effect on the bulk properties. This, coupled with the above discussion of the space-charge region, provides evidence for p-type bulk InGaN being achieved by Mg doping across the composition range. In addition, the transition of barrier heights shown in Fig. 2 provides additional evidence for p-type bulk conduc- tivity. The predicted barrier height ͑CBM to Fermi-level separation͒ of 2.7 eV for GaN is in good agreement with the value of 2.3 eV measured by Tracy et al. 7 for p-type GaN when the underestimation of the VBM to Fermi-level separation determined by XPS ͑discussed above͒ compared to the more surface sensitive technique of UV-photoelectron spectroscopy employed by Tracy et al. 7 is taken into account. A continuous transition of barrier heights is seen across the composition range. The rapid divergence of the barrier heights from those for n-type alloys, even for only small Ga fractions, rules out a transition from n-type ͑for In-rich͒ to p-type ͑for Ga-rich͒ alloys. This provides further evidence of p-type bulk conductivity across the composition range.
VI. CONCLUSION
We have shown that, for Mg-doped In x Ga 1−x N, a transition from inversion ͑with an n-type surface accumulation layer separated from the p-type bulk by a hole depletion layer͒ for In-rich samples to hole depletion for Ga-rich samples occurs at x Ϸ 0.49. The form of these space-charge regions is consistent with the Mg-doped samples being p-type in the bulk across the composition range, and the variation of surface carrier concentration was explained within the concept of virtual gap states. The identification of the p-type bulk across the composition range was also confirmed by the difference in barrier heights of the Mg-doped samples compared to undoped samples. Finally, the difference in the XPS measured VBM to Fermi-level separation for the undoped and Mg-doped InN was shown to be consistent with the surface Fermi level being pinned in the same place in both samples, but with the greater degree of band bending for the Mg-doped case causing the XPS measurement to underestimate the true value by more than that for the undoped case.
